The (p,γ) cross sections of three stable Sr isotopes have been measured in the astrophysically relevant energy range. These reactions are important for the p-process in stellar nucleosynthesis and, in addition, the reaction cross sections in the mass region up to 100 are also of importance concerning the rp-process associated with explosive hydrogen and helium burning. It is speculated that this rp-process could be responsible for a certain amount of p-nuclei in this 
with mass number. The corresponding astrophysical reaction rates have also been computed.
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I. INTRODUCTION
Most of the stable proton rich nuclides with charge number Z ≥ 34 are the so-called p-nuclei. Their production by the s-or r-process is blocked by stable nuclei and hence they are 10 to 100 times less abundant than the more neutron-rich isotopes. The main stellar mechanism synthesizing these neutron-deficient nuclei is a process called γ-or p-process [1, 2] involving a series of (γ,n), (γ,p) and (γ,α) reactions on pre-existing more neutronrich nuclei. The most favourable site for such a process to occur is the O/Ne-layers of massive stars during presupernova phase [2, 5, 6] or during their explosion as supernovae type II [2, [7] [8] [9] . Recent investigations of the rp-process associated with explosive hydrogen and helium burning in X-ray bursters have shown that it could also produce p-nuclei in the mass region up to 100. However, it is yet unclear if and in what amount these nuclides could be ejected into the interstellar medium [3, 4] .
Describing the synthesis of p-nuclei and calculating their abundances requires an extended reaction network calculation involving more than 10000 reactions, many of which are photodisintegrations releasing protons, the inverse of radiative proton capture (see e.g. [10] [11] [12] ). In contrast to neutron capture reactions which are comparatively well studied over the complete mass range of stable isotopes (see, e.g. [13] ), low-energy charged particle reaction data are scarce for the mass region above iron. Hence, so far, nucleosynthesis calculations of processes involving charged particles (either by directly interacting with target nuclei or as a result of photodisintegration) are based on theoretical predictions of the Hauser-Feshbach model (e.g. [14] [15] [16] ). Therefore, a systematic experimental study of charged particle reactions was initiated in several laboratories in order to obtain an extensive and reliable experimental data base of proton and α-capture cross sections [17] [18] [19] [20] [21] . Considerable differences with the theoretical predictions were found for certain (α,γ) reactions while the measured proton capture cross sections exhibited less differences. The α optical model potential at low energies was identified as the main source of the difference [22] and this also led to the idea of systematically studying the low-energy α optical model potential in (n,α) reactions [23, 24] , whereas the proton optical model potential is considered to be more reliable [25, 14] . However, due to the rareness of experimental data in the intermediate and heavy mass range we are still far from obtaining complete systematics which would provide the basis for a thorough test of the theoretical descriptions and therefore it is necessary to pursue further investigations of (p,γ) reactions close to the astrophysically relevant energy range.
In this work we present for the first time measurements of the (p,γ) cross sections of three The relevant part of the chart of nuclides can be seen in Fig.1 where the decay of the reaction products can also be seen. The decay parameters used for the analysis are summarized in Table I. III. EXPERIMENTAL PROCEDURE
A. Target properties
As mentioned above, the isotope 88 Sr which cannot be investigated by activation, has the highest natural abundance of about 80%. Thus, in case of natural targets only 20% of the material is effective for the activation. However, the use of natural Sr targets has the advantage that the isotopic abundances are very well known and natural Sr is easily available in many chemical forms.
In our measurements we used natural SrF 2 targets, evaporated onto thick carbon backings. The fluorine content of the target causes no disturbance because in the investigated energy range there is no activity produced by proton bombardment on F and it has a low mass number, thus it is well separated from Sr in Rutherford Backscattering (RBS) spectra that were also measured during the irradiations in order to monitor the target stability as described below. Carbon causes no disturbing long-lived activity and due to its low mass number, the C edge lies far below the Sr and F peaks in the RBS spectra.
The number of target atoms was determined by proton induced X-ray emission (PIXE)
at the PIXE set-up of the ATOMKI [26] . The results were checked by α-RBS determining the width of the Sr peak. In most cases we found good agreement. The method in ref.
[18] which compares the area of the Sr peak and the height of the backing (carbon) edge in the proton-RBS spectrum is not applicable because of the non-Rutherford behavior of p-C elastic scattering. Altogether 33 targets were prepared, some of them were only used for test runs. Thus, the collected charge varied between 120 and 650 mC. The current was kept as stable as possible but to follow the changes the integrator counts were recorded in multichannel scaling mode, stepping the channel in every minute.
A surface barrier detector was built into the chamber at Θ=150
• relative to the beam direction to detect the backscattered protons and this way to monitor the target stability.
The RBS spectra were taken continuously and stored regularly during the irradiation. In those cases when target deterioration was found, the irradiation was repeated with another target. Fig. 3 shows a typical RBS spectrum.
The beam was wobbled across the last diaphragm to have a uniformly irradiated spot of diameter of 8 mm on the target. The target backing was directly water cooled with an isolated water circulating system.
Between the irradiation and γ-counting, a waiting time of 1 to 2 hours was inserted in order to let the disturbing short lived activities decay out.
C. Detection of induced γ-radiation
The γ-radiation following the β-decay of the produced Y isotopes was measured with a HPGe detector of 40% relative efficiency. The low intensity gamma radiation necessitated the use of a very close geometry: the target was mounted in a holder directly onto the end of the detector cap. The whole system was shielded by 10 cm thick lead against laboratory background.
The γ-spectra were taken for at least 48 hours and stored regularly in order to follow the decay of the different reaction products.
The efficiency curve of the detector was determined with 133 Ba, 56 Co and 152 Eu sources in the same close geometry. The measured points were fitted with a third degree logarithmic polynomial to yield the efficiency curve for the whole energy region of interest. The efficiency measurements were checked with Monte Carlo simulations and good agreement was found in the whole energy range [27] . Fig. 4 shows an off-line γ-spectrum taken after irradiation with 3 MeV protons. γ-lines used for the analysis are indicated by arrows.
IV. EXPERIMENTAL RESULTS
Tables II,III,IV summarize the experimental cross sections of the three Sr isotopes, while
Figs. 5,6,7 show the derived astrophysical S-factors as a function of center-of-mass energy.
In the figures, the predictions of the Hauser-Feshbach statistical model codes MOST [28] and NON-SMOKER [29, 16] can also be seen. Here we should point out a discrepancy observed among the decay data in the literature [30] (see Table I ). At the highest energies the above analysis can be performed independently The isomer of 88 Y is very short-lived (T 1/2 = 13.9 ms) and it decays with internal transitions to the ground state. Thus, with the activation technique the total proton capture cross sections can be determined. The analysis was carried out with the two cascading γ-rays from the 88 Y decay.
The statistical model calculations strongly overestimate the measured data as can be seen in fig. 7 .
V. DISCUSSION
A. Dependence on nuclear properties
The comparison of the S-factor data with the theoretical predictions seems to exhibit a trend depending on the nuclear mass: the more heavy and neutron-rich the measured Sr isotopes become, the more the cross sections are overestimated by the statistical model calculations. The differences between the theoretical models is less grave, they differ by about 30%, nearly independently of mass and projectile energy. While most of the descriptions of nuclear properties used in the two codes are similar, the nuclear level densities are different.
The standard NON-SMOKER calculations use a global level density based on the shifted Fermi-gas model [25] , while the MOST code makes use of a microscopic global model level density based on a Hartree-Fock-BCS method [33, 34] . This may explain the difference in the two results. It is evident that both predictions seem to become worse for isotopes approaching the closed neutron shell N = 50. The level densities also depend on microscopic properties like pairing and shell effects. It is known [25, [35] [36] [37] that those are often predicted inaccurately at closed shells, often overestimating the effect.
Apart from the nuclear level densities, the proton optical model potential also plays a crucial role. [38] , an equivalent square well potential (ESW) of [39] , and the two Saxon-Woods type phenomenological potentials of PER [40] and BEC [41] .
While the ESW potential and the PER potential do not reproduce the energy dependence of the S-factors well, it is reproduced by the BEC potential more accurately. Among the 4 potentials considered, the JLM potential leads to the best overall description of the energy dependence of the experimental data, except for the low-energy region where the ESW potential does better. The above findings hold for all the reactions considered in this work.
B. Astrophysical reaction rates
It is premature to try to derive an improved global proton potential from these three measured isotopes and the scarce data available for other elements. In addition to the laboratory rates obtained when the target is in the ground state, the stellar rates calculated for a thermally excited target are also shown in Tab. V. As the measured reactions only involve targets in the ground state, it was assumed that the stellar rates scale like the laboratory rates. By re-adjustment of the reaction rate parametrization of Ref. [14] to the new data, we arrive at new values for the parameters a 0 of the stellar rate: In general, it should be noted that even modern global statistical model predictionswhich are not locally tuned to experimentally known nuclear properties -bear an uncertainty of a factor of 1.3-2.0. Thus, the deviations from experimental data found in this work are not surprising and still within the expected uncertainties. Nevertheless, the observed discrepancies underline the importance of carrying out experimental studies in order to test the reliability of Hauser-Feshbach and improve the accuracy of the calculated reaction rates used in astrophysical applications.
VI. SUMMARY
We have measured proton capture cross sections on the Sr isotopes with mass numbers 
